Background. Machine-generated indices based on quantitative electroencephalography (EEG), such as the patient state index (PSI
Postoperative delirium (POD) is common in older surgical patients, with a prevalence ranging from 11 to 60%. [1] [2] [3] Postoperative delirium is associated with prolonged hospitalization, increased rates of mortality and morbidity, long-term disability, and increased health-care cost. 1 4 5 Studies using intraoperative processed quantitative EEG monitoring suggest that POD can be decreased by maintaining the patient at a lighter level of anaesthesia, implying that POD is related to the depth of anaesthesia. [6] [7] [8] In particular, recent studies using machine-generated, processed EEG indices of intraoperative burst suppression (such as the burst-suppression ratio, BSR) indicate that burst suppression is an independent risk factor for POD, but none of these studies examined the raw EEG data. 9 10 Two common quantitative EEG indices used to assess the depth of anaesthesia during surgery are the SedLine 
. 12 Both quantitative EEG systems use proprietary algorithms to generate a number between 0 and 100, with 100 being associated with wakefulness and 0 with an isoelectric (completely suppressed) EEG. These algorithms are complicated and typically involve a running power analysis of specific frequency bands combined with changes in symmetry and synchronization in various cortical regions. 12 Both the SedLine V R and BIS TM monitoring systems also generate a second index called the BSR. The BSR represents the percentage of the previous 63 s epoch of EEG recognized as those periods longer than 0.5 s, during which the EEG voltage does not exceed approximately þ5 toÀ 5 lV. The BSR would be 1.0 for an isoelectric EEG signal and 0 for an EEG signal without any isoelectric periods. A burst-suppression pattern on EEG indicates a severe reduction in the brain's neuronal activity and metabolic rate, which puts the patient at risk for acute and subacute delirium and cognitive impairment. 9 10 13 Hence, devising accurate, reliable methods to quantify EEG suppression is an important clinical and research problem.
No previous study has evaluated the accuracy of BSR estimating the absolute time spent in complete EEG suppression in comparison with a direct visual analysis of the EEG trace. Hence, we conducted the first observational study to examine the relationship between the incidence of POD and the absolute time spent in EEG suppression as calculated by the machinegenerated BSR and as identified through visual inspection of the EEG tracing by two experienced neurologists.
Methods

Participants and characteristics
This prospective, observational cohort study was conducted from May to December 2014 at the University of California San Francisco Medical Center. The study received approval from the institutional review board, and written patient informed consent was obtained. Inclusion criteria were consecutive adult patients (>40 yr of age) who were fluent in English and undergoing major, elective, non-cardiac surgery requiring general anaesthesia, with an expected postoperative hospital stay for !72 h. The age cut-off of 40 yr was chosen instead of the commonly used 60-70 yr as part of a pilot study that was also intended to determine whether there was an effect of age on intraoperative burst suppression that might have to be taken into account as part of a larger cohort study.
Patients were excluded if they were undergoing intracranial or neurovascular surgery. The characteristics of the study population are displayed in Table 1 . The anaesthetic types and management were not controlled. There was no power analysis because this was a pilot study designed to determine the feasibility of measuring EEG suppression by off-line visual analysis of the EEG tracing compared with the commonly used indices (PSI TM and BSR) provided by the SedLine V R monitoring system. Forty-eight patients consented to the study. For seven patients, there were incomplete EEG or POD data, resulting in a total of 41 patients for this analysis.
Study protocol and time line
The baseline cognitive status was measured $1 week before surgery using the Telephone Interview of Cognitive Status instrument (TICS TM ), a measure of global cognitive functioning that is highly correlated with the Mini-Mental
14 During surgery, the patients were monitored with a SedLine V R brain monitor, which uses a four-lead strip placed over the forehead approximating the position of the F7, F8, FP1, and FP2 EEG electrodes of the international 10-20 system. The reference and earth for the EEG recording was placed in the midline, equidistant from electrodes FP1 and FP2. SedLine V R records digital EEG waves in a referential montage, displays a number (the PSI TM ), and also calculates a BSR indicating depth of anaesthesia. The BSR was calculated in real time by the machine using a proprietary algorithm. Non-zero values of BSR indicate burst suppression on a minute-by-minute basis. Specifically, BSR represents the percentage of complete EEG suppression during the past minute, and was updated every 1.2 s. The anaesthetist was blinded to the PSI TM and BSR generated by SedLine V R because both numbers are not used routinely for clinical care at our institution. Two boardcertified and experienced neurologists (R.Z. and W.M.), who were blinded to the clinical data and the incidence of POD as the primary outcome, analysed the raw EEG tracing (as acquired by the SedLine V R monitor) off-line and identified the amount of burst suppression present during each operation.
The patients were assessed daily for the presence of POD on the first 3 days after surgery by trained personnel using the Confusion Assessment Method (CAM). 15 The postoperative visits were conducted between 09.00 and 12.00 h at the patients' bedside. At each time point, the presence of delirium was measured using the CAM via a structured interview. 16 The CAM was developed as a screening instrument based on operationalization of Diagnostic and Statistical Manual of Mental Disorders 3rd Edition Revised (DSM-III-R) criteria for use by non-psychiatric clinicians in high-risk settings. This method has a sensitivity of 94-100% and a specificity of 90-95% for delirium. All research personnel administering the CAM were trained based on a detailed manual developed by Inouye and colleagues 17 for administration of the CAM. All instances of delirium were
Editor's key points
• Occurrence of EEG suppression during anaesthesia is associated with postoperative delirium.
• Commercially available depth-of-anaesthesia monitors commonly indicate the presence of burst suppression automatically.
• The authors compared the minutes of EEG suppression detected by visual EEG analysis and by a commercial monitor.
• The monitor significantly underestimated the amount of EEG suppression.
validated by a second investigator (J.M.L.), who reviewed a written summary of each patient's response to the structured interview performed by the first investigator and discussed the assessment with that interviewer.
Identification of delirium required the presence of an acute onset and fluctuating course, inattention, and disorganized thinking, altered level of consciousness, or both, as measured by the CAM rating scale. A patient was diagnosed with POD if he or she was considered to be delirious by CAM on any of the 3 days after surgery.
EEG processing and grading
Two fellowship-trained and experienced neurophysiologists (R.Z. and W.M.) independently reviewed the intraoperative EEG traces acquired by the SedLine V R monitoring system for the entire duration of the operation and recorded whether or not burst suppression was present. The review was done by examining the EEG in 30 s epochs and assigning a score based on a modified version of the method of Kugler 18 for grading EEG-based anaesthesia depth (see Table 2 and Fig. 1A and B for further details). For any epochs where there was disagreement, the neurologists reviewed them together and decided on a consensus score.
Calculation of absolute minutes of EEG suppression
The The specific calculation for seconds of EEG suppression was performed as follows:
where BSR_1 is the first BSR observation and BSR_n the nth/last 
Statistical analysis
The distributions of minutes of EEG suppression from neurologists' consensus ratings and SedLine V R -generated analysis (i.e. BSR) were assessed for non-normality. Upon determination of non-normality of both distributions, the distributions were compared using the non-parametric related-samples Kendall's coefficient of concordance test. In addition, we determined whether the median of differences in minutes of EEG suppression estimates between the SedLine V R and neurologists' generated ratings was different from zero using the related-samples sign test. In secondary analyses, we determined the association between incident POD and minutes of EEG suppression calculated by each method by computing two separate logistic regression equations, one for each method of computing minutes of EEG suppression. Both equations used the same analytical sample and the same outcome, incident POD (StataCorp. 2011. Stata Statistical Software: Release 12. College Station, TX: StataCorp LP).
Results
Preoperative patient characteristics and intraoperative data are summarized in Table 1 . A total of 41 patients completed the study. Seven patients (17.07%) developed POD. Related-samples Kendall's coefficient of concordance revealed that the distribution of minutes of EEG suppression was significantly different for the two methods (P¼0.037; Fig. 2 ). The median of differences between minutes of suppression by the two methods was marginally different from zero (P¼0.055). The total minutes of EEG suppression calculated by the SedLine V R BSR underestimated the amount of suppression in the POD cohort on average by 47 min (27 vs 74 min in BSR vs the visual analysis group, respectively) and in total by up to 40% (total minutes of EEG suppression calculated from BSR/total minutes of EEG suppression form neurologists' consensus ratings¼0.60). In addition, for patients with vs without POD, the total minutes of EEG suppression calculated from BSR underestimated the amount of EEG suppression by 64 and 21%, respectively. Especially, the minutes of EEG suppression from BSR were greatly underestimated, by 73, 79, and 58%, for patients with the first, second, and third longest minutes of EEG suppression from the neurologists' ratings among those having POD, respectively. In secondary analyses, we determined that the association between incident POD and the neurologists' consensus ratings based on visual analysis of the EEG tracing was significant (P¼0.039). However, the relationship between incident POD and minutes of EEG suppression calculated from the SedLine V R BSR was not significant (P¼0.275).
Discussion
This is the first prospective, observational study to compare neurologists' estimates of minutes of EEG suppression derived from the visual analysis of raw EEG data with the estimates based on the SedLine V R (machine)-generated BSR with regard to the prediction of POD. Our results reveal that compared with neurologists' consensus ratings, machine-generated estimates underestimated minutes of complete EEG suppression (i.e. flatline EEG). Moreover, the neurologists', but not SedLine V R ratings were significantly associated with incident POD. 23 27 28 There are some concerns that the wide variation of both indices at lighter stages of anaesthesia leads to false positives (i.e. deeming the patients sedated even if they are not) and that noxious stimuli (i.e. a surgical incision) can significantly alter the BIS TM value in either direction. 22 with the BSR only beyond a BSR of >40%, 21 which emphasizes the importance of using the BSR as an independent variable (rather than an integrated variable as part of the BIS TM ), in order to guide the depth of anaesthesia during surgery.
34
Comparison with previous studies
There are several previous studies that have examined the relationship between anaesthetic depth and the incidence of POD. Most of them measured only the processed EEG using BIS TM solely and did not study burst suppression at all. [6] [7] [8] Four studies that used the BIS TM and the related BSR in cardiac surgical patients, critically ill patients, and in adult surgical patients concluded that burst suppression detected by the machinegenerated algorithm was associated with increased rates of death at 6 months 13 and was an independent risk factor for postoperative or post-coma delirium. 9 10 35 The studies that examined the absolute time spent in EEG suppression as a risk factor for POD either calculated the time based on the BSR, which we have demonstrated in the present study can underestimate the time spent in EEG suppression on average by 40% (and in the most extreme situations by up to 79%), or used only intermittent visual inspection of the EEG tracing as fragmented data points and filled in the gaps using linear interpolation. 9 10 35 In contrast to previous studies, our study used a continuous visual inspection of the original EEG trace by two trained neurologists throughout the entire duration of surgery as a basis for quantifying the absolute duration of EEG suppression.
Visual analysis of EEG trace as guide for depth of anaesthesia
How feasible is it to train anaesthetists to examine and interpret live EEG tracings during surgery in real time? There are a few single-centre studies looking at exactly that question, and they found that after only a brief structured education session on limited-channel EEG tracings, anaesthetists were able to estimate the BIS TM value with fair accuracy in up to 34% and correctly identify the patient as anaesthetized in >80% simply by looking at the EEG tracings in conjunction with some additional clinical data provided to them (such as vital signs and concentrations of medication). 36 37 In fact, the ongoing Electroencephalography Guidance of Anaesthesia to Alleviate Geriatric Syndromes (ENGAGES) trial (a block-randomized, double-blinded, comparative effectiveness trial that investigates various postoperative cognitive outcomes in up to 1232 patients) even has an 'EEG-guided arm', in which participating anaesthesia clinicians have been trained to interpret raw EEG waveforms and use their skills to maintain slow-wave anaesthesia and to avoid burst suppression. 38 
Study limitations
The limitations of our study are the relatively small sample size and the lack of a clear understanding of how BSR is calculated by SedLine V R , given that the algorithm was proprietary. It could be that the lack of agreement in minutes of EEG suppression between the two methods was algorithm based. The main purpose of the present study was to compare two methods for detecting EEG suppression. The small sample size and non-normality of difference scores prevented us from using parametric statistics to compare the two distributions. Instead, we relied on non-parametric tests, which revealed that the two distributions differed. We showed through scatterplots and descriptive analyses that the SedLine V R method appears to underestimate minutes of EEG suppression. To provide context for this finding, in secondary analyses we determined the association between EEG suppression and incident POD. We found that only the visual analysis of the EEG trace method of determining minutes of suppression was related to the incidence of POD.
Future studies with larger sample sizes should be conducted to allow parametric testing of the differences in minutes of EEG suppression between the two methods. These studies should consider whether machine-based methods for determining EEG suppression other than SedLine V R also differ from neurologists' visual analysis of the EEG in determining minutes of suppression. An underlying assumption in this study was that neurologists' visual analysis was the standard against which to compare the machine-based estimates. Human error could have contributed to the results, but we believe that human error was kept to a minimum because the two board-certified and experienced neurologists were blinded to the clinical data, including incidence of POD. Furthermore, they individually analysed the raw EEG trace off-line and determined the amount of EEG suppression present during each surgery separately. The two neurologists then met to discuss, reanalyse, and resolve any discrepancies in their estimates by consensus.
Conclusion
In conclusion, our study provides evidence that the visual interpretation of the raw EEG tracing rather than a proprietary machine-generated algorithm, such as BSR, might be better at detecting changes in real time with regard to EEG suppression. This finding is important because there is a well-documented association between minutes of EEG suppression and incidence of POD. Hence, the addition of a visual EEG tracing to all intraoperative monitoring systems might help to provide better guidance of the intraoperative anaesthesia and thereby improve postoperative cognitive outcomes. 
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